Introduction {#Sec1}
============

Microalgae are some of the oldest, most economically promising organisms in the world^[@CR1]^ and one of the richest sources of protein in addition to polysaccharides, carotenoids, phycobiliproteins, polysaccharides, vitamins and sterols^[@CR2]^. Depending on the algal strain and growth conditions, algae can produce different valuable compounds, such as carbohydrates, proteins and lipids that serve as feedstocks for the production of biofuels^[@CR3]^. *Chlorella* is one of the most cultivated eukaryotic green microalga, because it is extensively used in the pharmaceutical and beauty care products industry and as a health food and feed supplement^[@CR4]^. *Chlorella vulgaris* contains 10% minerals and vitamins, 5% fiber, 20% carbohydrates, 20% fat, and 45% protein (w/w, dry basis)^[@CR5]^.

Algal polysaccharides have many applications in agricultural, biomedical, and pharmaceutical fields^[@CR6]^. Polysaccharides as natural biopolymers are easily modified, biocompatible, stable biodegradable, non-toxic and highly safe^[@CR7]^ so they have a significant role in the drug delivery^[@CR8]^. They are commercially applied as beverages, feed, food, emulsifiers, thickeners, stabilizers, etc.^[@CR9]^. They also have biological activities, as being antitumor, antivirus, antihyperlipidemia, antioxidant and anticoagulant and established as a new drugs generation^[@CR8],[@CR10]^. Extracellular polysaccharides produced by *Chlorella vulgaris* caused significant antitussive effects, anti-inflammatory and bronchodilatory in test animals. *Chlorella* extracellular polysaccharide seems to be an effective agent to prevent chronic inflammation of the airway, which is the predominant symptom of certain respiratory diseases, including bronchial asthma^[@CR11]^. The polysaccharide content of microalgae biomass is gaining more importance as a feedstock for bioethanol production^[@CR12]^. Microalgal polysaccharides have remarkable potential in the cosmetic industry as antioxidants for topical applications, including creams and lotions and hygroscopic agents^[@CR13]^.

Silver nanoparticles (AgNPs) are commonly synthesized by laser ablation^[@CR14]^, irradiation^[@CR15]^, thermal treatment^[@CR16]^ and chemical reduction^[@CR17]^, which are energy-intensive, low yields, generate high levels of hazardous wastes, are difficult to scale up, and the use of organic solvents and toxic reducing agents may be required. Thus, these techniques yield extremely expensive materials. Moreover, the produced nanoparticles exhibit unwanted agglomeration with time. Hence, a green synthesis approach has been established to obtain comparatively cheap, safe, biocompatible, non-toxic, ecofriendly, size-controlled nanoparticles and easily scaled up for large-scale synthesis^[@CR18],[@CR19]^. Biosynthesized silver nanoparticles are composites of inorganic and specific organic materials such as lipids, proteins or polysaccharides. These have unique physical and chemical properties that differ from the properties of traditionally produced nanoparticles^[@CR20]^.

Silver nanoparticles biosynthesis has been successfully synthesized using many bacterial species^[@CR21]^, fungi^[@CR22]^, actinomycetes^[@CR23]^, and plant extracts^[@CR24]^. As well as, silver nanoparticles can also be biosynthesized by using β-D-glucose as a reducing agent and starch as a protective agent with gentle heat^[@CR25]^.

The antimicrobial activities of AgNPs have been well documented and they are verified to possess antipermeability, antiangiogenic, antiviral, anti-inflammatory and antifungal activities^[@CR26]^. AgNPs can be applied in medicine in order to minimize infections and avoid colonization of bacteria on protheses^[@CR27]^, as antimicrobial agents to minimize the infections that occur during surgery in a surgically implanted catheters^[@CR28]^, vascular grafts^[@CR29]^, dental materials^[@CR30]^, wound healing; bone stimulators^[@CR31]^ and human skin and stainless steel materials^[@CR30]^. Recently, silver as natural inorganic metal, non toxic and strong antibacterial agent, it is now used in various types of fabric fibers. AgNPs are also used on toilet seats, refrigerators, linings of washing machine, dishwashers and hygienic products including water treatment systems^[@CR32]^.

Polysaccharides can serve as prebiotics (substances that stimulate the growth of beneficial bacteria in the digestive tract) and promote the growth of healthy gut microbiota^[@CR33]^. Hernández-Herrera *et al*.^[@CR34]^ reported that polysaccharides-enriched extracts from *Padina gymnospora* and *Ulva lactuca* can be used as an algal source to stimulate the growth of tomato (*Solanum lycopersicum* cv. Río Grande) at low-cost inorganic cultivation. Polysaccharides or oligosaccharides have increased root growth, developed higher yields, enhanced germination of seeds and increased pathogen resistance in different crops following the application of crude polysaccharides extracts on plants^[@CR35],[@CR36]^.

The objectives of this study were to extract and characterize the soluble fraction of polysaccharides from the microchlorophyte *Chlorella vulgaris*, to synthesize silver nanoparticles using the extracted soluble polysaccharides, and to investigate the stimulatory effect of soluble polysaccharides on germination and seedling growth of both *Triticum vulgare* and *Phaseolus vulgaris* plants.

Results and Discussion {#Sec2}
======================

Microalgae have the potential to grow under mixotrophic way of nutrition by integration of both the autotrophic and heterotrophic machineries by absorbing provided organic substrates in addition to atmospheric CO~2~ as a source of carbon. There are three modes of nutrition by which microalgae can grow autotrophy, hetrotrophy and mixotrophy. Glucose, mannitol, sodium acetate, maltose, and fructose were potential carbon substrates for growth enhancement of the mixotrophically grown fresh water microalga *Monoraphidium griffithii* NS16^[@CR37]^. As reported by Wijffels and Barbosa^[@CR38]^, biomass production of microalgae donates a variety of algal metabolites as enzymes, lipids, biopolymers, pigments, toxins, food supplements and renewable energy products as biodiesel and bioethanol. As had been found previously by Heredia-Arroyo *et al*.^[@CR39]^, the microchlorophyte *Chlorella vulgaris* can be cultivated on some external carbon substrates as energy and carbon source for cell growth. Zhang *et al*.^[@CR40]^ identified mixotrophy as being grown with organic carbon assimilation in light at the same time with carbon dioxide fixation.

Extraction and characterization of *Chlorella vulgaris* soluble polysaccharides {#Sec3}
-------------------------------------------------------------------------------

The soluble polysaccharides extracted from *Chlorella vulgaris*. Ji *et al*.^[@CR41]^ explained the rules of carbohydrates in algae; they reported that carbohydrates act in the cell walls as structural components and serves as inside cell-reserved compounds. The water-soluble fraction of *Chlorella vulgaris* polysaccharides yielded 174.46 mg g^−1^ dry biomass. According to Ji *et al*.^[@CR41]^, carbohydrates are portioned in algal cells between cell walls as structural components and inside cell as reserved components.

Chemical composition of extracted polysaccharides {#Sec4}
-------------------------------------------------

The chemical composition of *Chlorella vulgaris* polysaccharides is given in the Table [1](#Tab1){ref-type="table"}, showing total protein content (32.99 ± 2.1 mg g^−1^ PS), total carbohydrate content (495.44 ± 8.4 mg g^−1^ PS), sulfate content (210.65 ± 10.5 mg g^−1^ PS) and uronic acids (171.97 ± 5.7 mg g^−1^ PS). HPLC chromatogram revealed that the monosaccharide portion is composed of glucose major component and minor contents of fructose, maltose, lactose, rhamnose and arabinose. Conflict results had been reported about the chemical structure of *Chlorella* polysaccharides. Yim *et al*.^[@CR42]^ documented that *Chlorella vulgaris* have homo-polysaccharides of galactose, moreover Nomoto *et al*.^[@CR43]^ indicated that this homo-polysaccharides are composed of glucose, while the polysaccharides from other green microalgae are heteropolymers of glucose, xylose and galactose in various ratios. Fructose, fucose and rhamnose as well as uronic acids could be obtained. The present results of *Chlorella vulgaris* hetero-polysaccharides analysis revealed the presence of six monosaccharide units, fructose, glucose, maltose, lactose, rhamnose and arabinose in addition to other components as sulphate, uronic acids and protein. Such findings are in agreement with those obtained by Sui *et al*.^[@CR44]^ who found that *Chlorella* sp. polysaccharides yield ranged from 13 to 19% and composed of six neutral sugars: glucose, galactose, mannose, xylose, arabinose and rhamnose. Our results are also consistent with those of Raposo *et al*.^[@CR2]^, who studied polysaccharides extracted from both *Chlorella vulgaris* and *Porphyridium cruentum*. The main neutral sugar components of *Chlorella stigmatophora* are fructose, xylose and glucose^[@CR45]^, while that of *Chlorella vulgaris* are rhamnose, arabinose, 2-O-methyl rhamnose and glucose^[@CR43]^. In the same context Shi *et al*.^[@CR46]^ reported that *Chlorella pyrenoidosa* polysaccharides is composed of galactose, glucose, mannose, xylose, arabinose and rhamnose. Furthermore, Sheng *et al*.^[@CR47]^ stated that the monosaccharide composition of *Chlorella pyrenoidosa* was galactose, glucose, mannose, rhamnose and an unknown monosaccharide.Table 1Chemical composition of *Chlorella vulgaris* soluble polysaccharides (mg g^−1^).Total proteinTotal carbohydratesSulphate contentUronic acid32.993 ± 1.656495.443 ± 4.497210.654 ± 2.021171.97 ± 1.861**Monosaccharide composition (%)FructoseGlucoseMaltoseLactoseRhamnoseArabinose**3.80881.2897.5787.3219.4114.1

White and Barber^[@CR48]^ documented that after acid hydrolysis of the purified polysaccharides from the cell walls of *Chlorella pyrenoidosa*, the following sugars were released: 8.5% glucuronic acid, galactose, mannose, xylose, arabinose and rhamnose in molar ratios 2.9: 1.0: 2.2: 2.7: 11.5.

UV characterization of extracted *Chlorella vulgaris* soluble polysaccharides solution {#Sec5}
--------------------------------------------------------------------------------------

Figure [1A](#Fig1){ref-type="fig"} displays the ultraviolet scan spectrum of soluble polysaccharides, giving absorption peak at 234 nm. The ultra violet scan spectrum analysis of the soluble polysaccharides extracted from *Chlorella vulgaris* demonstrated the existence of proteins as well as nucleic acids due to the presence of absorption peak at 234 nm as reported by Jha *et al*.^[@CR49]^. The ultra violet scan spectrum analysis revealed absorption peak within the 200--234 nm which is characteristic of chemical groups (ester, carbonyl, carboxyl and amine) as reported by Yun and Park^[@CR50]^.Figure 1(**A**) UV -- absorbance spectrum of aqueous solution of soluble polysaccharide extracted from *Chlorella vulgaris*, (**B**) FT-IR characterization of *Chloella vulgaris* soluble polysaccharide solution.

Fourier transform infra red characterization of the extracted *Chlorella vulgaris* soluble polysaccharides {#Sec6}
----------------------------------------------------------------------------------------------------------

In order to further characterization and identification of the functional groups present in *Chlorella vulgaris* soluble polysaccharides structure, FT-IR analysis was performed. The FT-IR profile of polysaccharides, illustrated the characteristic functional chemical groups (Fig. [1B](#Fig1){ref-type="fig"}) showing peaks at 3782, 3408, 2927, 2856, 1730, 1658, 1382, 1285, 1085, 1026, 933, 889 and 671 cm^−1^.

FT-IR spectroscopy is an excellent tool to measure organic functional groups qualitatively especially C=O, N-H and O-H^[@CR51]^.

The presence of peaks at 3782 and 3408 cm^−1^ are assigned to O--H stretching bonded and non bonded hydroxyl groups and water^[@CR52]^. The peak at 2927 cm^−1^ corresponds to CH~2~ asymmetric stretching vibration^[@CR53]^. The peak observed at 2856 cm^−1^ is attributed to C--H groups^[@CR54]^, the peak spectrum at 2856 cm^−1^ corresponds to stretching of C--H, --CH~3~, and \>CH~2~ functional groups^[@CR55]^. Kamnev *et al*.^[@CR52]^ demonstrated that, the band at 1730 cm^−1^ is related to the C=O stretching of aldehydes, ketones, carboxylic acids and esters. Generally, these results indicated that soluble polysaccharides extracted from *Chlorella vulgaris* contain uronic acids, sulfates and peptides, also Chakraborty *et al*.^[@CR56]^ reported that *Chlorella vulgaris* polysaccharides comprises uronic acids, sulfates and peptides. Spectral peak around 1667 cm^−1^ corresponding to the absorbance of COO^−^ antisymmetric stretch^[@CR57]^; absorption peak at 1658 cm^−1^ C--H stretching from the aromatic ring C--H stretching from the aromatic ring^[@CR58]^. The spectrum shows the presence of a peak at 1382 cm^−1^ which is attributed to the O--H symmetrical stretching^[@CR59]^. The absorption peak at 1285 cm^−1^ is attributed to C--O, bending vibration^[@CR60]^ and the peak exists at 1085 cm^−1^ could be related to C--O stretching^[@CR61]^ and also the peak exists at 1026 cm^−1^ was due to C--O stretch vibration^[@CR62]^. Additionally, the peak at 933 cm^−1^ was assigned to the vibration of C--O--C ring deoxyribose^[@CR53]^ and the peak observed at 889 cm^−1^ was attributed to the RR′CCH~2~ group^[@CR63]^.

Antioxidant activity of *Chlorella vulgaris* extracted polysaccharides (reducing power) {#Sec7}
---------------------------------------------------------------------------------------

K~3~Fe(CN)~6~ reduction method was used to analyze the reducing capacity of the extracted polysaccharides. The results showed that with an increase in the concentration of the sample, the reduction increased (Fig. [2A](#Fig2){ref-type="fig"}). The reducing capacity of polysaccharides at a concentration of 10 mg mL^−1^ was 0.882 nm (absorbance at 700 nm).Figure 2(**A**) Reducing capacity of *Chloella vulgaris* soluble polysaccharides. (**B**) Thermogravimetric analysis (TGA), DSC and (**C**) X-ray diffraction of extracted *Chloella vulgaris* soluble polysaccharides solution.

Ferric reducing antioxidant potential method is a quantitative assay used for measuring the antioxidant potential of *Chlorella vulgaris* soluble polysaccharide. It is based on the reduction of ferricyanide \[Fe (CN)~6\]~^3−^ to ferro cyanide \[Fe(CN)~6~\]^4−^, which is a ferrous (Fe^2+^) derivative, in the presence of *Chlorella vulgaris* soluble polysaccharide. Then, the ferro cyanide \[Fe(CN)~6~\]^4−^ reacts with ferric chloride to form ferric-ferrous complex that is read colorimetrically with an absorption maximum at 700 nm. Wang *et al*.^[@CR64]^ indicated that antioxidant activity has a direct, positive relationship with the reducing potential which depends on the type of sugar, molecular weight, the degree of sulfation and acetylation position and the glycosidic branching, consequently, the antioxidant potential of *Chlorella vulgaris* soluble polysaccharide can be attributed to sulfate fraction of the polysaccharides, contributing to the antioxidant properties. Qiao and Wang^[@CR65]^ explained the positive relation between antioxidant activity and the reducing capacity.

Pulz and Gross^[@CR66]^ indicated that microalgae were exposed to radical and oxidative stresses. The anti-oxidative scavenger complexes consequently defend their own cells against free radical oxidative stresses. Tannin-Spitz *et al*.^[@CR67]^ reported that the soluble polysaccharides from *Porphyridium* sp. have shown antioxidant activity towards suppress oxidative damage to 3T3 cells and linoleic acid autooxidation, this bioactivity was dose-dependent. Duh *et al*.^[@CR68]^ indicated that reducing capacity is a significant non-enzymatic anti-oxidant assays. Here the antioxidant power is based on the ability of ferric reduction in a redox-linked colourimetric reaction that includes single electron transfer. The results of Hussein *et al*.^[@CR69]^ are in accordance with our results, reporting that the prominent absorbance value indicates stronger reducing potential, since the reducing power of ulvan samples increased with increasing concentration in dose-responding manner.

Physical properties of extracted soluble polysaccharides {#Sec8}
--------------------------------------------------------

The extracted polysaccharides were pale green odorless powder. This polymer was insoluble in organic solvents and soluble in water, which conferred with general polysaccharide characteristics. The solution of polysaccharides was a clear with a pale green color, homogeneous liquid and after centrifugation there was no precipitation.

Thermogravimetric analysis (TGA) of extracted polysaccharides {#Sec9}
-------------------------------------------------------------

As indicated from the thermogram (Fig. [2B](#Fig2){ref-type="fig"}), *Chlorella vulgaris* soluble polysaccharides were thermally degraded in three identical steps. Step I, *Chlorella vulgaris* soluble polysaccharides lose 13.9% weight at elevating temperature from 25°C to 240°C this may be attributed to losing the physically bound water. High carboxy group levels in the *Chlorella vulgaris* soluble polysaccharides elevated the degradation of the 1^st^ phase (30--120°C) due to extra water molecules being attached to carboxyl group as described by Kumar *et al*.^[@CR70]^. When the temperature rises above 240°C, the loss of weight increases until the temperature reached 420°C, when the polysaccharides beginning to decompose according to elimination of structure water (step II) with a 67.14% weight loss. Thermal characteristics of step III were recognized between 420°C to 654°C with 18.17% *Chlorella vulgaris* soluble polysaccharides weight loss that can be attributed to depolymerization conjugated with the breakage of C--C and C--O bonds in the ring structures leading to formation of CO, CO~2~ and H~2~O. Elevating temperature up to 800°C resulted in the formation of graphitic carbon and poly nuclear aromatic structures. It is concluded that *Chlorella vulgaris* soluble polysaccharides are thermostable until 240°C. The high thermostability of *Chlorella vulgaris* soluble polysaccharides may be due to the presence of uronic acids and sulfate groups that disallowed full polymer degradation. In addition, the thermogram is consistent with the hydrophilic nature of the polysaccharides functional groups^[@CR54],[@CR71]^. The present thermogravimetric profile (TGA) data are in agreement with the thermal behavior of the soluble polysaccharide (ulvan) produced by *Ulva lactuca* and *Ulva fasciata* as demonstrated by Hussein *et al*.^[@CR69]^.

Differential scanning calorimetry (DSC) analysis of extracted polysaccharides {#Sec10}
-----------------------------------------------------------------------------

Analysis of DSC was performed to identify thermal transitions of the extracted *Chlorella* polysaccharides. Thermogram of DSC (Fig. [2B](#Fig2){ref-type="fig"}) showed the typical exothermic transition of the *Chlorella vulgaris* soluble polysaccharides biopolymer with crystallization temperature peak at 144.1°C (0.0053516 µv/mg) and the second crystallization temperature peak at 162.3°C (0.068322 µv/mg), the third crystallization temperature peak at 227.7°C (0.078219 µv/mg).

On elevating temperature, the viscosity of amorphous solid polymer decreased and at a definite temperature the particles become more free to move and be arranged into a crystalline state (crystallization temperature) as reported by Mishra *et al*.^[@CR72]^. The conversion from amorphous solid polymer to crystalline solid polymer is an exothermic process, indicating the meltable semi--crystalline soluble polysaccharides as documented by Mishra *et al*.^[@CR72]^. DSC is commonly used in pharmaceutical and polymer industries, recognizing polymer properties to illustrate their thermal transitions which can be used in characterization of materials as well as the thermal decomposition of polymeric materials. The specific temperature at which these transformations take place depends on the polymer's structure^[@CR73]^.

X-ray diffraction of extracted polysaccharides {#Sec11}
----------------------------------------------

The XRD pattern revealed six strong peaks in the entire spectrum of 2θ values range between 4 and 70. These strong peaks have been detected at 2θ values of 17°, 18.5°, 21°, and 23.5°, 25°, 25.5° corresponding to 5.20, 4.91, 4.33, 3.80, 3.59 and 3.48 planes for polysacchride, respectively (Fig. [2C](#Fig2){ref-type="fig"}). The X--ray diffractogram of extracted *Chlorella vulgaris* polysaccharides illustrated the semicrystalline nature of these polysaccharides, as previously demonstrated by Alves *et al*.^[@CR71]^.

Rheological properties analysis of *Chlorella vulgaris* soluble polysaccharides {#Sec12}
-------------------------------------------------------------------------------

The viscosity of the solutions of polysaccharides extracted from *Chlorella vulgaris* at a concentration of 5, 10 and 15 mg mL^−1^ as a meaning of shear rate (at a shear rate of 40 S^−1^) produced maximum values of 22.4, 73.1 and 120 centipoises (cP) viscosity; respectively (Fig. [3A](#Fig3){ref-type="fig"}). On the other hand, at elevating shear rate to 500 S^−1^, the solution viscosity declined to 11.5, 24.1 and 27.9 cP; respectively. Figure [3B](#Fig3){ref-type="fig"} illustrated the flow curves for soluble polysaccharides solutions with different concentrations. The shear stresses of soluble polysaccharides solutions decreased and estimate a restrictive stable value as the shear rate is reduced to zero at low shear rates, indicating that these soluble polysaccharides exhibit a limited yield stress. Obviously, higher yield stress values were obtained with higher polysaccharide levels. As illustrated in Fig. [3C](#Fig3){ref-type="fig"}, in aqueous solutions, soluble polysaccharides display a pseudoplastic or shear thinning characteristic. The uppermost viscosities and the notable shear thinning characteristics were reported to 15 mg mL^−1^ soluble polysaccharides, followed by 10 mg soluble polysaccharides mL^−1^ and finally 5 mg mL^−1^ soluble polysaccharides. Rheogram of Fig. [3D](#Fig3){ref-type="fig"} showed that the torque percent increases in increased spindle speed (RPM), while Fig. [3E](#Fig3){ref-type="fig"} demonstrated the relationship between viscosity of the solutions of soluble polysaccharides & spindle speed (RPM). It is evident that viscosity decreased with increased spindle speed.Figure 3(**A**) Viscosity as a function of shear rate, (**B**) flow curve of the shear stress vs. shear rate, (**C**) log-log plot of the viscosity vs. shear rate, (**D**) rheogram of the Torque vs. spindle speed, (**E**) rheogram of the viscosity dependence of spindle speed (RPM) for aqueous solutions of *Chlorella vulgaris* PS at concentrations 5, 10 and 15 mg PS/mL.

Rising shear rate induced reduction in viscosity, while elevating *Chlorella vulgaris* polysaccharides concentrations caused increments in viscosity. This behavior exhibits distinctive non-Newtonian pseudo plastic pattern on shear thinning characterization in solutions as documented by Picout and Ross-Murphy^[@CR74]^. This viscous performance was demonstrated by polysaccharides of other microalgae as reported by Bhatnagar *et al*.^[@CR75]^. The dynamic viscosity behavior of soluble polysaccharides polymer is dependent on some variables such as polymer structure as well as its mass as reported by Freitas *et al*.^[@CR76]^. Shear thinning pattern of the extracted soluble polysaccharides may be attributed to the hydrodynamic power resulted throughout the shear decline of soluble polysaccharides skeletal units as proposed by Khattar *et al*.^[@CR77]^. Polysaccharide characterized by this viscous behavior is incorporated into food to alter rheological characteristics of the present water and thus change the product texture because of their ability to thicken or to cause gel formation as indicated by Sutherland^[@CR78]^.

Green synthesis of AgNPs by *Chloella vulgaris* soluble polysaccharides solution {#Sec13}
--------------------------------------------------------------------------------

In the present study, AgNPs had been biologically synthesized using a solution of *Chlorella vulgaris* soluble polysaccharides. The pale green color solution of soluble polysaccharides produced by *Chlorella vulgaris* was turned brown when it was incubated for 24 hours with 100 mM silver nitrate in the dark to avoid the photolytic reaction (Fig. [4A](#Fig4){ref-type="fig"}). Phanjom and Ahmed^[@CR79]^ reported that the dark-brown color generation can be attributed to the surface Plasmon resonance (SPR) excitation induced by silver atoms bioreduction and/or AgNPs^[@CR80]^. The same finding has been established by Mohamedin *et al*.^[@CR81]^ in the extracellular biosynthesis of silver nanoparticles by *Streptomyces aegyptia* NEAE102. The issue is shown as being eco--friendly and cost feasible instead of the conventional methods of silver nanoparticles biosynthesis. The described method is a rapid one and looked at a green approach for large scale protocol for AgNPs biosynthesis using polysaccharides solution that extracted from microalgae.Figure 4(**A**) Biosynthesized *Chloella vulgaris* soluble polysaccharide solution /silver nanoparticles and soluble polysaccharide control, (**B**) UV-absorbance spectrum of silver nanoparticles.

UV absorbance of silver nanoparticles (AgNPs) {#Sec14}
---------------------------------------------

A complete synthesis of silver nanoparticles showed a gradual increase in absorbance with increasing the intensity of the yellow--brown color, it showed peak maximum located at 430 nm with absorbance value of 0.89 (Fig. [4B](#Fig4){ref-type="fig"}). The high color intensity (0.89) of the prepared nanoparticles solution at absorbance of 430 nm absorbance is attributed to a large number of nanoparticles produced in response to reduction power of the polysaccharides solution. As indicated from the results the Plasmon bands appear broad with an absorbance tail in the higher wavelengths. This can be attributed to size distribution of the nanoparticles, since this behavior demonstrated that the formed particles are polydispersed as explained by El--Rafie *et al*.^[@CR80]^. Previous studies have shown that the biosynthesis of AgNPs by the bioreduction of silver into metallic silver may include DNA, sulfur--containing proteins^[@CR82],[@CR83]^, and NADH and enzymes that depend on it^[@CR84]^. Chun *et al*.^[@CR85]^ indicated that NADH dependent enzymes may participate as an electron carrier in such biotransformation and biosynthetic reactions. The UV--Vis spectrum (Fig. [4B](#Fig4){ref-type="fig"}) corresponds, as previously mentioned; to AgNPs formation in the solution and the surface Plasmon resonance corresponding band is located at 430 nm. Ahmad *et al*.^[@CR22]^ have shown that the surface Plasmon resonance band exists at 415 nm, and the particle size and dielectric constant of the medium affecting the exact location of the bands. In addition, the absence of any peaks at 335 and 560 nm, means that there are good stability as well as dispersion of the biosynthesized nanoparticles in the reaction mixture as postulated by Pandey *et al*.^[@CR86]^.

Fourier transform (FT--IR) characterization of the silver nanoparticles (AgNPs) {#Sec15}
-------------------------------------------------------------------------------

FT--IR analysis was conducted to further characterization and identification of the functional groups found in the nanoparticles of silver. The FT--IR of nanoparticles, reveals characteristic functional groups (Fig. [5](#Fig5){ref-type="fig"}) showing peaks at 3433, 2927, 1634, 1384 cm^−1^, 1079, 882, 830, 559. FT--IR spectroscopy was applied in order to recognize and identify macromolecules responsible for the formation and bioreduction of silver cations and in addition to covering of the silver nanoparticles.Figure 5FT-IR characterization of silver nanoparticles.

The band at 1384 cm^−1^ refers to deformation of \>CH~2~, --CH~3~ and C--H groups; a minor peak at 2928 cm^−1^ corresponds to stretching of C--H group^[@CR77]^. The peak at 3424 cm^−1^ may be corresponds to --OH or --NH groups and it is characteristic group to the algal polysaccharides^[@CR80]^, whereas the spectral peaks at 1634 cm^−1^ refers to algal polysaccharide carbonyl groups and amide protein groups vibrations^[@CR55],[@CR80]^. FT--IR data assigned to the presence of carbonyl groups, have great potential to join metal showing that proteins may constitute a layer in order to cover AgNPs to avoid agglomeration and hence the stabilization of the medium^[@CR87]^. Moreover, data revealed the existence of reducing sugars in the polysaccharides solution which are able to induce a reduction in silver atom and synthesize the nanoparticles via biogenic routes^[@CR80]^.

Electron microscopy studies {#Sec16}
---------------------------

Transmission and scanning electron microscopy are effective methods for determining nanostructure morphology and size. Micrograph of TEM (transmission electron microscopy) of the biosynthesized silver nanoparticles showed the production of spherical nanoparticles with an average particle size (radius) of 5.76 nm and distribution range of 3.63--8.68 (Fig. [6A](#Fig6){ref-type="fig"}). Scanning electron microscopy illustrated the smooth surfaces of the biosynthesized silver nanoparticles (Fig. [6B](#Fig6){ref-type="fig"}). The findings of El-Naggar and Abdelwahed^[@CR88]^ showed that the AgNPs are mainly spherical in their shape.Figure 6(**A**) TEM and (**B**) SEM electron micrograph picture of silver nanoparticles.

Energy dispersive X--ray analysis (EDX) of silver nanoparticles {#Sec17}
---------------------------------------------------------------

Figure [7A](#Fig7){ref-type="fig"} shows standard EDX spectrum of the polysaccharides sample. The left part of the spectrum illustrated 3 peaks situated between 2 keV and 4 keV. Those maxima were characteristic to silver. The maximum peak located on the left side of the spectrum at approximately 0 to 1.7 keV is related to carbon, chlorine and oxygen. The hardly visible maxima located from 8--14 keV are characteristic of gold. In the analyzed sample, oxygen and carbon spots confirmed the existence of stabilizers consisting of alkyl chains. For quantitative analysis, the obtained EDX spectra were used, which showed high silver content (39.08%) in the examined sample. The optical absorption peak in the range between 3 and 4 keV is assigned to the metallic AgNPs absorption^[@CR89]^. Except for silver, Fig. [7A](#Fig7){ref-type="fig"} demonstrated the presence of coal, gold and oxygen; the contents of them were 32.45%, 5.73% and 11.20%; respectively. However, according to the peaks of Au, C, O, and Cl, are attributing to emissions from the polysaccharides solution as suggested by Mukherjee *et al*.^[@CR90]^.Figure 7(**A**) Energy dispersive X-ray analysis (EDX) and (**B**) ZETA potential of silver nanoparticles.

ZETA potential measurements {#Sec18}
---------------------------

ZETA potential value for AgNPs (Fig. [7B](#Fig7){ref-type="fig"}) was found to be --31.3 mV; this reveals stability of the biosynthesized silver nanoparticles as reported by Hussein *et al*.^[@CR69]^.

Antimicrobial activity of biosynthesized AgNPs {#Sec19}
----------------------------------------------

Here is the antimicrobial potentiality of the biosynthesized AgNPs on 3 pathogenic microorganisms (Fig. [8](#Fig8){ref-type="fig"}) had been studied, the first was *Erwinia* which is a Gram negative bacteria, the second was *Bacillus* sp. which is a Gram positive bacteria, the third is *Candida* which belongs to the pathogenic fungi using specific antibiotics (pencillin 10 mg, tetracycline 30 mg and streptomycin 10 mg) as control. The synthesized AgNPs solutions had an inhibitory effect on all tested microorganisms, giving the following order *Bacillus*, *Erwinia*, *Candida* according to the radius of inhibition zone. The effect of nanoparticles on all tested organisms was more pronounced than that of silver nitrate and pencillin (Table [2](#Tab2){ref-type="table"}). The most acceptable mechanism for explaining how silver nanoparticles affect antibacterial potentiality is through penetration of the cell wall of bacteria, and causes damage through interactions with compounds containing phosphorus and sulphur, including DNA^[@CR91]^.Figure 8Effect of silver nanoparticles on *Bacillus* sp., *Erwinia* sp., *Candida* sp. (1- AgNPs 2- silver nitrate 3-streptomycin 4-tetracycline 5- penicillin).Table 2Effect of silver nanoparticles on *Bacillus* sp., *Erwinia* sp. and *Candida* sp.AgNPs and other antimicrobial agentsMicroorganisms/inhibition zone diameter (mm)*Bacillus* sp.*Candida* sp.*Erwinia* sp.AgNPs1.867 ± 0.0871.6 ± 0.0581.433 ± 0.022AgNO~3~1.533 ± 0.0441.3 ± 01.233 ± 0.062Penicillin0 ± 00 ± 00 ± 0Tetracycline2.9 ± 0.0332.066 ± 0.0291.7 ± 0Streptomycin2.3 ± 0.0582.7 ± 0.0882.366 ± 0.073

Promoting effect of *Chlorella vulgaris* polysaccharides on germination and seedling growth of both *Triticum vulgare* and *Phaseolus vulgaris* plants {#Sec20}
------------------------------------------------------------------------------------------------------------------------------------------------------

The present results showed that priming seeds with (3, 5 mg mL^−1^ *Chlorella vulgaris* polysaccharides) significantly increased growth parameters (including dry and fresh weight, leaf area, shoot height and root length), photosynthetic pigments contents in seedlings leaves, carbohydrate, protein contents, and antioxidant activities in germinated seedlings of the *Phaseolus vulgaris* and *Triticum vulgare* compared to the control.

Morphological criteria {#Sec21}
----------------------

Figure [9](#Fig9){ref-type="fig"} indicated enhancing priming effect of soluble polysaccharides solutions (3, 5 mg mL^−1^) on morphological criteria of both treated germinating seeds of *Triticum vulgare* and *Phaseolus vulgaris* when compared with control. There was a significant increase in shoot height, root length as well as assimilating area (first vegetative leaves) at the end of the period of growth (at 10 days) when compared with control. The induced effect on both investigated plants exhibit a concentration depending response. Soluble polysaccharides priming solutions stimulated significant increments in dry biomass for both tested plants and fresh biomass (in case of 5 mg mL^−1^ soluble polysaccharides priming solution) after a germination period of 10 days (Fig. [10](#Fig10){ref-type="fig"}).Figure 9(**A**) Wheat (*Triticum vulgare*) growing seedlings and (**B**) *Phaseolus vulgaris* growing seedlings.Figure 10Priming effect of *Chlorella vulgaris* polysaccharides (3, 5 mg mL^−1^) on shoot height and root length (cm), assimilating area (cm^2^), fresh and dry weights (g) of *Triticum vulgare* (**A**) and *Phaseolus vulgaris* (**B**) seedlings after germination period of 10 days.

Metabolic criteria {#Sec22}
------------------

Figure [11](#Fig11){ref-type="fig"} illustrated that chlorophyll a, chlorophyll b and total pigments contents of treated seedling of *Triticum vulgare*, and chl b content of the *Phaseolus vulgaris* exhibit significant increments over control value in a dose response manner. While Chl b and carotenoids contents of *Phaseolus vulgaris* exhibit nonsignificant increments over control value. The effect of soluble polysaccharides on carbohydrate and protein contents of *Triticum vulgare* and *Phaeolus vigorous* seedlings is shown in Table [3](#Tab3){ref-type="table"}. There are significant increments in both investigated plants. Guiacol peroxidase activity "GPX, EC: 1.11.1.7" induced significant increases in response to priming with different polysaccharides concentrations, giving the highest value in case of 5 mg mL^−1^ polysaccharides concentrations for both studied plants. Catalase activity "CAT, EC: 1.11.1.6": polysaccharides priming induced significant positive responses in both studied plants with increasing polysaccharides concentration (Table [3](#Tab3){ref-type="table"}). Total phenol contents of treated cultures showed significant increases above the control level in response to priming with different concentrations of polysaccharides for plants, *Triticum vulgaris* and *Phaseolus vulgare* as shown Table [3](#Tab3){ref-type="table"}.Figure 11Priming effect of *Chlorella vulgaris* polysaccharides (3, 5 mg mL^−1^) on photosynthetic pigments content of *Triticum vulgare* (**A**) and *Phaseolus vulgaris* (**B**) after germination period (10 days).Table 3Priming effect of *Chlorella vulgaris* polysaccharides (3, 5 mg mL^−1^) on protein content, carbohydrate content, enzymatic antioxidant activities and total phenolics of *Triticum vulgare* and *Phaseolus vulgaris* seedlings after germination period (10 days).PolysaccharidesTotal protein\
(mg g^−1^)Total carbohydrates (mg g^−1^)Catalase activity\
(U/mg)Peroxidase activity (U/mg)Total phenolics (mg g^−1^)***Triticum vulgare***Control29.251 ± 1.653198.154 ± 2.88819.271 ± 0.71719.228 ± 0.5350.021 ± 0.0023 mg/mL36.125 ± 1.696219.178 ± 3.4521.404 ± 0.72821.525 ± 0.5870.068 ± 0.0025 mg/mL47.132 ± 1.364235.217 ± 2.83330.62 ± 1.40222.500 ± 0.9290.117 ± 0.008***Phaseolus vulgaris***Control55.531 ± 1.966351.213 ± 5.14534.33 ± 0.45422.947 ± 1.4030.346 ± 0.023 mg/mL76.124 ± 1.721619.132 ± 2.31445.08 ± 1.11332.291 ± 0.7020.413 ± 0.0575 mg/mL83.512 ± 3.112637.132 ± 4.62556.698 ± 2.0435.814 ± 1.5130.694 ± 0.01

The *Chlorella vulgaris* polysaccharides have the ability to furnish a microenvironment suitable for germination by buffering the osmotic disorders as well as stopping water loss^[@CR92]^, in addition polysaccharides solutions provide high moisture for germination of the seeds as indicated by Vázquez *et al*.^[@CR93]^. Present results revealed that priming with *Chlorella vulgaris* polysaccharides solutions promoted the vegetative growth of *Triticum vulgare* and *Phaseolus vulgaris* seedlings. This stimulating effect may be attributed to enhanced root growth, sportive ability, and antioxidant activities (enzymatic and non--enzymatic). In accordance with our results, plant growth stimulating activities as promoting root growth, sorptive ability, phosphorylation processes and nitrate assimilation capacity can stimulate seedling stem and tiller of several plants as indicated by Wen--yu^[@CR94]^ and Osman *et al*.^[@CR95]^. Cyanobacterial filtrates can stimulate synthesis of bioactive compounds that include regulators for plant growth, especially cytokinin, auxin and gibberellins^[@CR96],[@CR97]^ in the germinated seeds which can increase the root length, shoot height and increases leaf chlorophyll content and increases of the leaf area as a result of chlorophyll accumulation in the leaves. The increase of leaf area, fresh and dry weight of studied seedlings as a result of increasing nutrients supplemented by soluble polysaccharides and their consumption^[@CR98]^.

The supplied exogenous soluble polysaccharides are consumed as a source of carbon, the seedlings carbohydrate content can therefore be increased^[@CR99]^ as a consequence of stimulation of pigment biosynthesis and the increase in the photosynthetic electron transport rate^[@CR100]^. In addition to, the increased CO~2~ fixation^[@CR101]^, the protein increase as a result of the increased N content^[@CR102]^.

Priming of *Lupinus termis* seeds with different concentrations of soluble polysaccharides extracted from *Ulva* sp. led to significant increases in growth compared with control, in respect to shoot and root length, fresh and dry mass^[@CR69]^. These findings were in perfect agreement with the results of Kavipriya *et al*.^[@CR103]^, who stated that seaweed extracts stimulate *Vigna radiate* seed germination and growth parameters. Thirumaran *et al*.^[@CR104]^ reported that seaweed extracts stimulate *Cyamopsis tetragonaloba* seed germination and growth parameters.

Materials and Methods {#Sec23}
=====================

Isolation, culture conditions, purification and identification of algal isolates {#Sec24}
--------------------------------------------------------------------------------

*Chlorella vulgaris* were isolated from River Nile in Mansoura city. *Chlorella vulgaris* was grown in axenic cultures at 25 ± 2°C for 16 days incubation period under continuous illumination (3600 lux) in conical flasks of 500 mL volume, containing 200 mL BG11 medium^[@CR105]^ and pH 7. Culture purification was according to Hoshaw and Rosowski^[@CR106]^. Identification of *Chlorella vulgaris* was approved with the standard one according to Philipose^[@CR107]^.

Extraction and analysis of *Chlorella vulgaris* soluble polysaccharides {#Sec25}
-----------------------------------------------------------------------

The extraction of polysaccharides was done according to hot water method^[@CR108]^ with liquid/solid ratios of 1:20, at 70°C for 4 hours. The resulted extract was centrifuged; the residues were re--extracted 3 times. Soluble polysaccharides were precipitated using 90% ethanol in volume ratio 1 extract: 4 alcohol and left for 12 hours at 4°C and the precipitate was collected and dried at 60°C. Total carbohydrate content of extracted polysaccharides was estimated according to the method of Dubois *et al*.^[@CR109]^. 0.1 mL of the extracted polysaccharides was raised up to 1 mL with distilled water and mixed well. 1 mL of 5% phenol solution and 5 mL of of concentrated sulfuric acid were added and carefully mixed well. The reaction mixture solution was placed in a water bath at 25°C for 20 min. The absorbance was measured spectrophotometrically at 490 nm. A blank tube was prepared with water instead of the extracted polysaccharides for each sample.

*Chlorella vulgaris* soluble polysaccharides hydrolysis and composition analysis using (HPLC) {#Sec26}
---------------------------------------------------------------------------------------------

Chemical composition of the polysacchride was performed using a high performance liquid chromatography HPLC system^[@CR110]^. After polysaccharides hydrolysis using 2 M trifluoroacetic acid at 100°C, monosaccharides analysis was performed by Agilent 1100 HPLC refractive index detector (RID) using a Hypersil ASP--2 column (4.6 × 250 mm) with a mobile phase of acetonitrile water (80: 20), a flow rate of 0.4 mL min^−1^. The column and optical unit temperatures were 35, 40°C; respectively. The mixed monosaccharides and hydrolyzate samples of the final extract were injected in the volume of 10 μL. Monosaccharides identification of the samples hydrolyzates was performed by comparing their obtained retention times with the standards for individual and combined six monosaccharides (xylose, fructose, sucrose, maltose, lactose and glucose) in the mobile phase in a concentration of 10 mg mL^−1^ under the same HPLC conditions.

UV--Vis scan analysis of soluble polysaccharides solution {#Sec27}
---------------------------------------------------------

The UV--vis absorbance spectrum of an aqueous solution of the extracted soluble polysaccharides was recorded using ATI Unicam 5625 UV/VIS Vision Software V3.20 between 200 and 800 nm.

Fourier transform infrared spectrometry (FT--IR) of soluble polysaccharides solution {#Sec28}
------------------------------------------------------------------------------------

FT--IR spectrum was performed using KBr on the Mattson 5000 FT--IR spectrometer. FT--IR spectra were measured in the frequency range from 4000 to 400 cm^−1^ ^[@CR111]^.

Estimation of total protein content of extracted soluble polysaccharide {#Sec29}
-----------------------------------------------------------------------

According to the method of Lowry *et al*.^[@CR112]^, the total protein content of the *Chlorella vulgaris* soluble polysaccharides was estimated.

Antioxidant activity of extracted soluble polysaccharides (ferric reducing antioxidant power assay) {#Sec30}
---------------------------------------------------------------------------------------------------

The antioxidant power reduction was calculated by the method described by Qiao *et al*.^[@CR113]^. A series of test tubes have included the working standard of 0.2, 0.4, 0.6, 0.8 and 1 mL (10 mg/50 mL of soluble polysaccharides/distilled water) and with distilled water the volume was completed to 1 mL. Each test tube has been supplied with an additional 2.5 mL phosphate buffer (0.2 M, pH 6.6) and 2. 5 mL of 1%, w/v potassium ferricyanide \[K~3~ Fe (CN)~6~\] to reduce ferricyanide into ferrocyanide. The reaction mixture was incubated at a temperature of 50°C for 20 minutes. The reaction was stopped by adding 2.5 mL of 10% (w/v) trichloroacetic acid to the reaction mixture followed by centrifugation for 10 min at 3000 × *g*. 2.5 mL from the upper layer solution was mixed together with 2.5 mL distilled water and 0.5 mL of 0.1%, w/v FeCl~3~. The spectrophotometer was used to measure the absorbance at 700 nm against a blank sample. Blank was prepared same as sample without addition of soluble polysaccharides.

Physical characterization of extracted polysaccharides {#Sec31}
------------------------------------------------------

### Thermogravimetric analysis (TGA) of the extracted polysaccharides {#Sec32}

TGA was performed using a thermoanalyzer of the type 50--H. Previously, the sample of soluble polysaccharides was dried at 60°C for 1 hour and mounted in a platinum sample pan. Thermogravimetric analysis was performed in the range from 25 to 800°C, with a 20 mL min^−1^ flow rate, under a nitrogen atmosphere at increase of 10°C min^−1^. The chart was plotted as temperature versus weight loss (percentage).

### Differential scanning colorimetry (DSC) analysis {#Sec33}

A differential scan calorimeter (60--A) was used to estimate the polysaccharide pyrolysis pattern. Previously, the sample of soluble polysaccharides was dried at 60°C for 1 hour and mounted in an aluminum sample pan. The analysis was performed in a nitrogen atmosphere with a heating rate of 10°C min^−1^ and flow rate of 30 mL min^−1^. The thermogram was obtained between 25 to 250°C. The initial decomposition temperature for the test soluble polysaccharides, as is shown by TGA has been selected for the DSC upper limit. The chart was plotted as temperature versus heat flow.

### X-- ray diffraction (XRD) {#Sec34}

The XRD analysis was performed using X--Pert Pro Diffractometer. Using the Debye--Scherrer formula, the crystalline domain size was determined.

### Rheological analysis of soluble polysaccharides solution {#Sec35}

BROOKFIELDDV-3 Ultra Programmable Rheometer^[@CR114]^ was used for the measurement of rheological characteristics for 5, 10 and 15 mg mL^−1^ soluble polysaccharide solutions.

### Green synthesis of silver nanoparticles (AgNPs) using *Chlorella vulgaris* soluble polysaccharides extract {#Sec36}

Thirteen mg of *Chlorella vulgaris* soluble polysaccharides were dissolved in 90 mL distilled water and stirred at 70°C. Silver nitrate solution of 100 mM concentration was prepared. Then 3 mL AgNO~3~ were added drop by drop with continuous stirring, and then pH was adjusted to 10. The resulting solution was then centrifuged for three minutes at 3000 × *g*. Then the volume was raised to 100 mL using distilled water and continues stirring at 85°C for 20 minutes was done. After the reaction was completed, the solution was kept in the dark for 24 hours at room temperature (25°C), the solution color was changed to brown confirming the formation of AgNPs^[@CR80]^.

Characterization of biosynthesized silver nanoparticles by algal polysaccharides {#Sec37}
--------------------------------------------------------------------------------

### UV--Visible spectral analysis {#Sec38}

The formation of biosynthesized AgNPs has been certified visually by changes in color. Silver nanoparticles were characterized using Jenway UV/Visible-- 2605 spectrophotometer, England. UV-Vis absorption spectrum was recorded by scanning the biosynthesized AgNPs in the range of 300--600 nm, at regular intervals. Control was polysaccharides solution free of silver nitrate^[@CR18]^.

### Fourier transform infra red (FTIR) spectroscopy analysis {#Sec39}

FT--IR spectrum was performed for the lyophilized biosynthesized AgNPs sample to produce a pellet using using KBr (1:100). The FTIR spectrum was measured on Shimadzu FTIR--8400 S FTIR spectrometer in the range between 4000 and 500 cm^−1^ with 1 cm^−1^ of spectral resolution^[@CR19]^.

### Electron microscopic studies of AgNPs {#Sec40}

Scanning electron microscopy examination of silver nanoparticles was carried out on JEOL JSM 6510/V, Japan, at the Electron Microscope Unit, Mansoura University. Transmission electron microscopy examination of silver nanoparticles was carried out on JEOL, JEM--2100, Japan, at the Electron Microscope Unit, Mansoura University.

### Energy dispersive X--ray (EDX) spectroscopy analysis of AgNPs {#Sec41}

EDX analysis of biosynthesized AgNPs was carried out to perform elemental analysis with JEOL JSM 6510/V, Japan, scanning electron microscope at Electron Microscope Unit, Mansoura University, Egypt, using an EDX detector operated at an accelerating voltage of 20 keV.

### Zeta potential of AgNPs {#Sec42}

Zeta potential value for AgNPs is determined using Malven Zeta size Nano--Zs90, Zeta potential analyzer.

### Antimicrobial activity of AgNPs {#Sec43}

The disc diffusion method^[@CR115]^ was used for assessing the antimicrobial activity of AgNPs, silver nitrate, streptomycin, tetracycline and penicillin against *Bacillus* sp., *Erwinia* sp., *Candida* sp.

Promoting effect of *Chlorella vulgaris* polysaccharides on germination and seedling growth of both *Triticum vulgare* and *Phaseolus vulgaris* plants {#Sec44}
------------------------------------------------------------------------------------------------------------------------------------------------------

### Plants and growth conditions {#Sec45}

Two economic crop plants were chosen for this study as follows: Wheat (*Triticum vulgare*) and French bean (*Phaseolus vulgaris*). Seeds were supplied by the Ministry of Agriculture, Field Crop Institute, Agriculture Research Center, Giza, Egypt. They were examined for uniformity of size and shape before being surface sterilized by soaking for 3 minutes in 0.01% HgCl~2~ solution. Thereafter, they were thoroughly washed with running distilled water.

### Experimental design {#Sec46}

Seeds were rinsed for 15 minutes with sterile water. Then, they were soaked in priming solutions (3 mg and 5 mg polysaccharides mL^−1^) and other seeds were soaked in water (control) for 4 hours. Primed seeds were let to grow in plastic pots contain 300 g sandy soil for 10 days. After 10 days of growth, the samples of ten replicates were taken for determination of growth criteria, including root length, assimilating area, shoot height, fresh and dry weights and triplicate samples were taken for studying metabolism as determination of photosynthetic pigments, protein and carbohydrate contents^[@CR116],[@CR117]^.

Plant growth analysis {#Sec47}
---------------------

### Morphological growth criteria {#Sec48}

Both mean shoot height and mean Root lengths of 10 seedlings were estimated after germination period of 10 days. Mean leaf area (assimilating area) of 10 wheat seedlings was estimated usig the next equation of Quarrie and Jones^[@CR118]^.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{L}}{\rm{e}}{\rm{a}}{\rm{f}}\,{\rm{a}}{\rm{r}}{\rm{e}}{\rm{a}}\,{\rm{o}}{\rm{f}}\,Triticum\,vulgaris={\rm{l}}{\rm{e}}{\rm{n}}{\rm{g}}{\rm{t}}{\rm{h}}\times {\rm{b}}{\rm{r}}{\rm{e}}{\rm{a}}{\rm{d}}{\rm{t}}{\rm{h}}\times 0.75$$\end{document}$$

For *Phaseolus vulgaris* mean leaf area of leaflets were estimated according to the following equation of Vermaat *et al*.^[@CR119]^.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
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                \usepackage{amsbsy}
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                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rm{Assimilating}}\,{\rm{area}}=\pi (22/7)\times {\rm{leaf}}\,{\rm{radius}}\times {\rm{leaf}}\,{\rm{length}}.$$\end{document}$$

Mean weight of 10 seedlings for each plant was recorded. Ten seedlings of each plant were dried at about 80°C in an oven until their weight was constant. Estimation of photosynthetic pigments^[@CR120]^, total carbohydrate and total soluble sugars^[@CR109]^ and protein content^[@CR112]^ were recorded.

Enzymatic antioxidant activity {#Sec49}
------------------------------

### Catalase activity {#Sec50}

As described by Beers and Sizer^[@CR121]^, catalase activity was determined by following the decline of the peroxides using spectrophotometric analysis at 240 nm. One catalase unit is defined as the amount of the enzyme that, under the stated conditions, decomposing one µmole of H~2~O~2~ at pH 7 and 25°C per minute, determined from the following equation:

One system breaks down one micromole of H~2~O~2~ per minute at 25°C and the pH 7.0.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
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                \begin{document}$${\rm{Units}}/{\rm{mg}}=({\Delta {\rm{A}}}_{240}/min\ast 1000)/(43.6\ast {\rm{mg}}\,{\rm{enzyme}}/{\rm{mL}}\,{\rm{reaction}}\,{\rm{mixture}})$$\end{document}$$

### Peroxidase activity {#Sec51}

Peroxidase activity was determined using the guaiacol oxidation method as described by Hakiman and Maziah^[@CR122]^ (2009). The increase in absorbance due to the formation of tetraguaicol was measured at 470 nm. A unit of peroxidase activity was expressed as the change in absorbance per min.The specific activity as enzyme units per milligram of protein with extinction coefficient 6.39 mM^−1^ cm^−1^ refers to a unit of peroxidase activity.

### Non enzymatic antioxidant activity (total phenolics determination) {#Sec52}

Following a protocol modified from Gillespie *et al*.^[@CR123]^, the total phenolic contents of the metabolic extracts were measured colorimetrically using Folin--Ciocalteu reagent. 20 µL of the ample and 40 µL of Folin--Ciocalteu reagent (25%) were added to a well of 96--well plate and incubated for a time of 5 min., then 140 µL of Na~2~CO~3~ solution (700 mM) was added to each well. After 2 hours incubation at room temperature, the resulting color was measured at 756 nm using the Spectra Max M5 reader and the resulting data were analyzed by softmax pro software. Triplicate analysis of all samples and standards were performed. Results are reported with the use of mg Gallic acid equivalents/g dry weight of *Chlorella vulgaris*, using Gallic acid as standard.

### Statistical analysis {#Sec53}

Results were analyzed according to Zobel *et al*.^[@CR124]^ method using one--way analysis of variance, least significant difference (LSD) and values of *P* \> 0.05 were considered statistically, non--significantly different, while those of *P* \< 0.05 were statistically significantly different. Results were expressed as mean ± standard error.
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